Cocoa flavanols protect human endothelial cells from oxidative stress by Ferreira Martins, Tatiane et al.
Plant Foods for Human Nutrition
 




Full Title: Cocoa flavanols protect human endothelial cells from oxidative stress
Article Type: Manuscript (should not exceed 16 pages)
Keywords: epicatechin;  catechins;  procyanidins;  EA.hy926 cells;  chocolate flavanols;
endothelial dysfunction
Corresponding Author: Luis Goya




Corresponding Author's Institution: Consejo Superior de Investigaciones Cientificas
Corresponding Author's Secondary
Institution:
First Author: Tatiane Ferreira
First Author Secondary Information:






Order of Authors Secondary Information:
Manuscript Region of Origin: SPAIN
Funding Information: Ministerio de Economía, Industria y
Competitividad, Gobierno de España
(AGL 2015–67087-R)
Dr. Sonia Ramos
Abstract: Oxidative stress may cause functional disorders of vascular endothelia which can lead
to endothelial apoptosis and thus alter the function and structure of the vascular
tissues. Plant antioxidants protect the endothelium against oxidative stress and then
become an effective option to treat vascular diseases. Cocoa flavanols have been
proved to protect against oxidative stress in cell culture and animal models. In addition,
epidemiological and interventional studies strongly suggest that cocoa consumption
has numerous beneficial effects on cardiovascular health.
The objective of this study was to test the chemo-protective effect of realistic
concentrations of a cocoa phenolic extract and its main monomeric flavanol
epicatechin on cultured human endothelial cells submitted to an oxidative challenge.
Both products efficiently restrained stress-induced reactive oxygen species and
biomarkers of oxidative stress such as carbonyl groups and malondialdehyde, and
recovered depleted glutathione, antioxidant defences and cell viability. Our results
demonstrate for the first time that a polyphenolic extract from cocoa and its main
flavonoid protect human endothelial cells against an oxidative insult by modulating
oxygen radical generation and antioxidant enzyme and non-enzyme defences.
Suggested Reviewers: Maria Izquierdo
Universitat de Barcelona Facultad de Farmacia
maria_izquierdo@ub.edu
Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation
Chair of Dept. Nutrition, expert in biological effects of bioactive compounds
Lucia Panzella
Universita degli Studi di Napoli Federico II
panzella@unina.it




World expert in bioactive compounds from food derived products, especially cocoa and
chocolate flavonoids
Fernando Escrivá
Universidad Complutense de Madrid Facultad de Farmacia
fescriva@ucm.es
Expert in nutritional biochemistry and molecular basis of pathology
Foued Espindola
Universidade Federal de Uberlandia
foued@ufu.br
Expert in phenolic components from fruits and vegetables with potential bioactive
properties
Response to Reviewers:
Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation
Declaration of interests 
 
☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
 
☐The authors declare the following financial interests/personal relationships which may be considered 







Conflict of interest Click here to access/download;Conflict of Interest;declaration-of-
competing-interests.docx
Abstract 
Oxidative stress may cause functional disorders of vascular endothelia which can lead to 
endothelial apoptosis and thus alter the function and structure of the vascular tissues. Plant 
antioxidants protect the endothelium against oxidative stress and then become an effective 
option to treat vascular diseases. Cocoa flavanols have been proven to protect against 
oxidative stress in cell culture and animal models. In addition, epidemiological and 
interventional studies strongly suggest that cocoa consumption has numerous beneficial 
effects on cardiovascular health. The objective of this study was to test the chemo-protective 
effect of realistic concentrations of a cocoa phenolic extract and its main monomeric flavanol 
epicatechin on cultured human endothelial cells submitted to an oxidative challenge. Both 
products efficiently restrained stress-induced reactive oxygen species and biomarkers of 
oxidative stress such as carbonyl groups and malondialdehyde, and recovered depleted 
glutathione, antioxidant defences and cell viability. Our results demonstrate for the first time 
that a polyphenolic extract from cocoa and its main flavonoid protect human endothelial cells 
against an oxidative insult by modulating oxygen radical generation and antioxidant enzyme 
and non-enzyme defences. 
abstract Click here to access/download;abstract;Abstract.docx
Supplementary table 1.- Peak identification and compound content of the CPE 
 
Compound Peak No Rt (min) mg/100g 
Theobromine 1 6.6 891.1 
Procyanidin B1 2 7.7 34.9 
Catechin  3 9.7 116.9 
Procyanidin B2 4 11.7 133.2 
Epicatechin 5 13.3 383.5 
Procyanidin (trimer) 6 15.6 62.4 
Procyanidin (dimer) 7 23.3 24.0 
Total flavanols    754.9 
 
Supplementary data table 1 Click here to access/download;attachment to
manuscript;Supplementary data, table 1.docx
































   
   
   
   
   
   
   


































   
   
   
   
   
   
   


















Supplementary data figure 1 Click here to access/download;attachment to
manuscript;Supplementary data, figure 1.pdf
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Answers to reviewers 
We wish to thank the reviewers for the careful reading of the manuscript and encouraging 
comments, as well as their interesting queries and suggestions. 
 
Replies to comments from reviewer 1: 
-I think that the composition of the extract should be also presented, although it is presented 
in the other paper.  
Reply: in agreement with the reviewer the precise composition of the extract has been 
included in the revised version as supplementary table 1. 
 
-Did the authors use the same cocoa extract as in the paper from the [11] position? If it is so, 
how was it stored? Hasn't it changed its properties? The previous research was published quite 
a long time ago (11 years). Or was a cocoa bought from the same brand more recently and the 
authors assume that the properties haven't changed? I would be cautious with such 
statements, since many factors could influence phenolic composition. 
Reply: we agree with the reviewer concern about possible loses of phenolic compounds and 
antioxidant capacity of CPE through time. Indeed the cocoa phenolic extract utilized in the 
present study is an aliquot from the same extract prepared back in 2008, when aliquots were 
kept frozen at -20 degrees until assay. However, aliquots of that same extract have been 
continuously used for years in other studies as close as 2015 (see articles below) and they have 
shown a remarkable chemo-protective activity; therefore, we are very confident that the 
frozen extract retains most of its antioxidant capacity, if not all.  
Martín et al. 2010. Cocoa flavonoids up-regulate antioxidant enzymes activity via ERK1/2 
pathway to protect against oxidative stress-induced apoptosis in HepG2 cells. J. Nutritional 
Biochem. 21: 196-205.  
Rodríguez-Ramiro et al. 2011. Procyanidin B2 and a cocoa polyphenolic extract inhibit 
acrylamide-induced apoptosis in human Caco-2 cells by preventing oxidative stress and 
activation of JNK pathway. J. Nutr. Biochem. 22: 1186-1194. 
Rodríguez-Ramiro et al. 2013. Cocoa polyphenols prevent inflammation in the colon of 
azoxymethane-treated rats and in TNF-α-stimulated Caco-2 cells. Brit. J. Nutr. 110: 206-215. 
Martín et al. 2013. Cocoa phenolic extract protects pancreatic beta cell viability and function 
against oxidative stress. Nutrients 5: 2955-2968. 
Cordero-Herrera et al. 2014. Cocoa flavonoids attenuate high glucose-induced insulin signalling 
blockade and modulate glucose uptake and production in human HepG2 cells. Food Chem. 
Toxicol. 64:10-19. 
Answers to reviewers Click here to access/download;attachment to
manuscript;Answers to reviewers.docx
Click here to view linked References
Cordero-Herrera et al. 2015. Cocoa flavonoids protect hepatic cells against high glucose-
induced oxidative stress: Relevance of MAPKs. Mol. Nutr. Food Res. 59: 597-609 
 
-What was the epicatechin concentration in the cocoa flavanols extract? It should be written in 
the manuscript. Was it at the same level as in the solution with epicatechin only? 
Reply: we absolutely agree with the comment; a comprehensive explanation of the EC 
concentration and its relative amount in CPE has now been included in the text in page 6, lines 
139-140. Actual concentrations of epicatechin in tested doses of CPE ranged from 33 nM in the 
dose of 2.5 ug CPE/mL to 0.265 uM in that of 20 ug CPE/mL. 
 
-Have authors searched for the resveratrol in this cocoa flavanol extract? Some researches e.g. 
Counet, C.; Callemien, D.; Collin, S. Chocolate and cocoa: New sources of trans-resveratrol and 
trans-piceid. Food Chem. 2006, 98, 649-657 state that it can be found in cocoa and many 
researches confirm its protective properties for cardiovascular system. 
Reply: I honestly was not aware of that finding and I thank the reviewer for the information. 
We knew that, besides flavanols, three flavonols, isoquercitrin, quercetin 3-glucuronide and 
quercetin, had been found in cocoa powder using HPLC-DAD coupled with HPLCMS (Lamuela-
Raventós et al. J Nutr 2001, 131:834-835). However, cocoa powder contains as much as 30 mg 
flavonols/100 g and only 0.4 ppm of trans-resveratrol (Counet et al. above) whereas over 755 
mg/100 g of flavanols, thus we believe that most of the chemo-preventive potential of cocoa is 
due to flavanols.  
 
-what about the influence on the endothelium of the other phenolic compounds found in the  
cocoa extract? 
Reply: Influence on endothelium of other major compounds such as theobromine cannot be 
ruled out but we also should consider that most of the CPE-derived chemo-protective effects 
described in this study are also observed when epicatechin is tested alone, that is why we 
hypothesized that the majority of the protective effect resulted from the effect of epicatechin 
with the help of other flavanols. In any case, and in agreement with the comment of the 
reviewer, we have added a short sentence in page 9, lines 206-207, indicating that the 
potential effect of other compounds besides EC should not be ruled out. 
 
  
Replies to comments from reviewer 2: 
Reviewer #2: The authors present their work on the antioxidant action of cocoa polyphenols 
on cultured human endothelial cells submitted to an oxidative challenge. The work is 
interesting, however, few points should be addressed before the publication. List of 
abbreviations should be added in the manuscript, also, in figure legends full names to explain 
abbreviations (as in the text where they are mentioned the first time) are strongly suggested. 
Reply: we are sorry we have not included a list of abbreviations in the revised version of the 
manuscript but, due to format restrictions, addition of a list of abbreviations would have 
exceeded the size of the document over the maximum of 16 pages allowed by the journal 
requirements. We kindly ask the reviewer to ponder that reduction of the initial document to 
less than 50 % has implied a considerable effort by the authors including removal of 16 
references and transferring two tables and 1 figure to supplementary material. However, 
following the reviewer suggestion we have made sure that all acronyms have been spelled out 
at first appearance in the text and all acronyms have also been spelled out in figure legends. 
 
For the complete discussion about the antioxidant action of cocoa polyphenols, could the 
authors explain why they have not analyzed the effects of cocoa polyphenols on two main 
antioxidative enzymes in the cells - catalase (CAT) and superoxide dismutase (SOD)? 
Reply: indeed activity of catalase and superoxide dismutase have been determined previously 
in most of our studies dealing with chemo-protective effect of plant antioxidants against 
oxidative stress but lately we stopped evaluating CAT due to its large Km and low specific 
affinity, particularly in endothelial cells. On the other hand, SOD is a solid biomarker of the cell 
redox status that we have repeatedly analyzed in previous studies when inconsistent results 
were obtained with glutathione peroxidase and glutathione reductase in order to confirm the 
cellular antioxidant response to face a condition of oxidative stress. However, since in the 
present study the response of the antioxidant defenses was clear we decided that it was not 
necessary to spend over 600 euros for the SOD assay kit. We feel that the comprehensive 
response of the two defense enzymes analyzed support the hypothesis of the chemo-
preventive effect of cocoa flavanols on endothelial cells submitted to oxidative stress. 
 
Replies to comments from reviewer 3: 
Reviewer #3: 33 proved proven 
47 of nowadays nowadays of 
Reply: both corrected in lines 34 and 51 of revised version. 
85 It should be mentioned if correct that analyses of cell redox status and cell oxidative 
damage and cell protein were performed on cell lysates.  Also the method to prepare the 
lysates should be described. 
Reply: as suggested by the reviewer it has been stated in page 5, lines 117-118 that analyses of 
cell redox status and cell oxidative damage and cell protein were performed on cell lysates. 
Since cell lysate for each assay is prepared following a different protocol we have been unable 
to include all particular methods of preparation. As with the rest of referees we kindly ask the 
reviewer to consider that reduction of the initial document to less than 50 % has implied a 
considerable effort by the authors including removal of interesting information plus 16 
references and transferring two tables and 1 figure to supplementary material; thus, addition 
of specific information for each lysate preparation would result in exceeding the maximum 
length of the document.   
161 resulted in significantly ….  Also list p value for this comparison. 
Reply: in order to fulfil the size requirement of the journal a large amount of text has been 
removed from the original version, including the sentence that you suggest to correct. 
179 In the discussion the authors should data from the analysis of the cocoa extract such as 
concentration of monomers and dimers the only components capable of entering the 
bloodstream and getting to the cells.  This will give some uM comparison to your EC data. 
Reply: following your advice and that of other reviewer a new table 1 depicting the cocoa 
extract composition has been included as supplementary material.  
192 human consumption, 50 g? of chocolate 
Reply: the sentence has been corrected in line 138; indeed it was 50 g of chocolate. 
207 a deed an effect 
Reply: as above, the sentence has been removed. 
237 live life 
Reply: corrected in line 199 of revised version. 
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Oxidative stress may cause functional disorders of vascular endothelia which can lead to endothelial 17 
apoptosis and thus alter the function and structure of the vascular tissues. Plant antioxidants protect the 18 
endothelium against oxidative stress and then become an effective option to treat vascular diseases. 19 
Cocoa flavanols have been proven to protect against oxidative stress in cell culture and animal models. 20 
In addition, epidemiological and interventional studies strongly suggest that cocoa consumption has 21 
numerous beneficial effects on cardiovascular health. The objective of this study was to test the chemo-22 
protective effect of realistic concentrations of a cocoa phenolic extract and its main monomeric 23 
flavanol epicatechin on cultured human endothelial cells submitted to an oxidative challenge. Both 24 
products efficiently restrained stress-induced reactive oxygen species and biomarkers of oxidative 25 
stress such as carbonyl groups and malondialdehyde, and recovered depleted glutathione, antioxidant 26 
defences and cell viability. Our results demonstrate for the first time that a polyphenolic extract from 27 
cocoa and its main flavonoid protect human endothelial cells against an oxidative insult by modulating 28 
oxygen radical generation and antioxidant enzyme and non-enzyme defences. 29 
Keywords: epicatechin, catechins, procyanidins, EA.hy926 cells, chocolate flavanols, endothelial 30 
dysfunction. 31 
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Abbreviations list 41 
CPE:  cocoa polyphenolic extract  42 
CVD:  cardiovascular disease 43 
DCF:  2′,7′-dichlorofluorescein 44 
DCFH: 2′,7′-dichlorohydrofluorescein  45 
DMEM: Dulbecco's modified eagle's medium  46 
DMSO: dimethyl sulfoxide 47 
DNPH: dinitrophenylhydrazone  48 
EC:  epicatechin  49 
FBS:  foetal bovine serum   50 
GPx:  glutathione peroxidase   51 
GR:  glutathione reductase 52 
GSH:  reduced glutathione   53 
LDL:  low density lipoprotein 54 
MDA:  malondialdehyde  55 
NADPH: nicotine adenine dinucleotide phosphate reduced salt 56 
NO:  nitric oxide  57 
OPT:  o- phthaldialdehyde 58 
ROS:   reactive oxygen species 59 
t-BOOH: tert-butylhydroperoxide 60 
TEP:  1,1,3,3-tetraethoxypropane 61 
Introduction 62 
Oxidative stress seems to be the common underlying mechanism for the development of endothelial 63 
dysfunction; when reactive oxygen species (ROS) production is not balanced by antioxidant defense 64 


































































lead to endothelial apoptosis and thus alter the function and structure of the vascular tissues [1]. 66 
Therefore, prevention of oxidative stress is one of the main objectives nowadays of cardiovascular 67 
research and consequently, considerable efforts have been made in the last years for the identification 68 
of natural antioxidants and dietary products containing these bioactive compounds, which may provide 69 
valuable strategies to prevent oxidative stress and the development of cardiovascular disease (CVD). 70 
Polyphenols are some of the most abundant phytochemicals in plant foods and increasing evidence 71 
from cohort studies indicate that the intake of some of these compounds may help to reduce the 72 
development of CVDs and CVDs mortality risk [2]. Polyphenols encompass several families of 73 
compounds, the most represented in plant foods being phenolic acids and flavonoids [3]. A major 74 
group of flavonoids is constituted by flavanols that are abundant in green tea, red wine, cocoa and 75 
various fruits such as apples [4]. Among them, cocoa beans are one of the richest known sources of 76 
flavonoids; indeed, cocoa is the food that has the highest flavonoid content on a per-weight basis [4,5]. 77 
The main constituents are flavanols, present as monomeric (−)-epicatechin (EC) and (+)-catechin, 78 
together with their oligomers, the so-called proanthocyanidins, responsible for cocoa bitterness. 79 
Epidemiological and interventional studies strongly suggest that cocoa consumption, as well as 80 
vegetables and fruit intake, has numerous beneficial effects on cardiovascular health [6] including an 81 
improvement in vascular function [2,7]. Various potential mechanisms, including the increased 82 
bioavailability of NO [8] and the anti-inflammatory and antioxidant effect [9], are supposed to be 83 
responsible for the protective properties of cocoa. However, scarce research is available on the intrinsic 84 
mechanisms involved in such effects at cellular level. Therefore, the objective of this study was to test 85 
the chemo-protective effect of a cocoa phenolic extract (CPE) and its main monomeric flavanol EC on 86 
endothelial cells submitted to an oxidative challenge. To this purpose, a human endothelial cell line, 87 
EA.hy926, was used as a cell culture model of endothelium and treatment with a strong pro-oxidant, 88 


































































order to study the possible protective mechanisms through which cocoa flavanols protect endothelial 90 
function. 91 
Materials and methods 92 
Reagents and materials  93 
Tert-butylhydroperoxide (t-BOOH), (-)-epicatechin (>95% of purity), glutathione reductase (GR), 94 
reduced (GSH) and oxidized glutathione, dichlorofluorescin (DCFH), o-phthaldialdehyde (OPT), 95 
nicotine adenine dinucleotide phosphate reduced salt (NADPH), 2,4-dinitrophenylhydrazine (DNPH), 96 
H2O2, 1,1,3,3-tetraethoxypropane (TEP), gentamicin, penicillin G and streptomycin were purchased 97 
from Sigma Chemical Co. (Madrid, Spain). Acetonitrile, methanol of HPLC grade, dimethyl sulfoxide 98 
(DMSO) were acquired from Panreac (Barcelona, Spain). Bradford reagent was from BioRad 99 
Laboratories S.A. DMEM culture media and foetal bovine serum (FBS) were from Cultek (Madrid, 100 
Spain). All other reagents were of analytical quality. 101 
Sample preparation  102 
Natural Forastero cocoa powder (Idilia Foods, Barcelona, Spain) was used to prepare the CPE. 103 
Extraction of soluble polyphenols and characterization of the different components by HPLC has been 104 
detailed elsewhere [10]. Briefly, the polyphenolic profile of CPE showed that monomeric EC and 105 
catechin were the major flavanols in the extract, together with appreciable amounts of procyanidins B1 106 
and B2. Additionally, theobromine was present in high amounts while only traces of caffeine were 107 
detected in the extract (supplementary data, table 1). 108 
Cell culture and treatment 109 
EA.hy926, a human hybrid cell line, was a kind gift from Profs. Patricio Aller and Carmelo Bernabeu, 110 
Centro de Investigaciones Biológicas, CSIC, Madrid, Spain. The cell line was cultured and passaged in 111 
Biowhittaker DMEM media supplemented with 10 % fetal bovine serum. Cells were maintained in a 112 
humidified incubator containing 5 % CO2 and 95 % air at 37 °C and grown in DMEM medium 113 


































































and streptomycin [11]. Different concentrations of CPE (2.5, 5, 10 and 20 µg/mL) and EC (2.5, 5, 10 115 
and 20 µM), dissolved in serum-free culture medium, were added to the cell plates for 18 hours to 116 
study a direct/basal effect of the cocoa extract and its main phenolic compound. In order to evaluate the 117 
protective effect of the CPE and EC against an oxidative insult, two different approaches were carried 118 
out, co-treatment and pre-treatment. In the co-treatment assay EA.hy926 cells were simultaneously 119 
treated for 18 h with 100 µM t-BOOH plus any of the four different CPE or EC concentrations, 120 
whereas in the pre-treatment assay cells were first treated with tested doses of CPE or EC for 18 h, then 121 
washed and submitted to a new media containing 200 µM t-BOOH for 4 h. 122 
Determination of cell redox status, biomarkers of oxidative damage and cell viability 123 
Cellular ROS were quantified by the DCFH assay using microplate reader and the assay has been 124 
described elsewhere [10,11]. GSH was quantitated by the fluorometric assay described in Browne & 125 
Armstrong [12] with some modifications. Assay of GPx activity is based on the oxidation of GSH by 126 
GPx, using t-BOOH as a substrate, coupled to the disappearance of NADPH by GR as described by 127 
Martín et al. [10]. GR activity was determined by following the decrease in absorbance due to the 128 
oxidation of NADPH utilized in the reduction of oxidized glutathione [10]. Malondialdehyde (MDA) 129 
was analyzed by high-performance liquid chromatography (HPLC) as its DNPH derivative [10], 130 
measured in an Agilent 1100 Series HPLC-DAD. MDA values are expressed as nmol of MDA/mg 131 
protein. Protein oxidation of cells was measured as carbonyl groups content according to a published 132 
method [11]. Analyses of GSH, GPx, GR, MDA and carbonyl groups were performed on cell lysates. 133 
Protein was measured by the Bradford reagent. Cell viability was determined by using the crystal violet 134 
assay [11].  135 
Statistics 136 
Statistical analysis of data was as follows: prior to analysis the data were tested for homogeneity of 137 


































































Bonferroni test when variances were homogeneous or by Tamhane test when variances were not 139 
homogeneous. The level of significance was p < 0.05. A SPSS version 23.0 program has been used. 140 
Results and discussion 141 
Biological activities of cocoa flavanols include scavenging of active oxygen species, prevention of 142 
LDL oxidation, anti-inflammatory activity, inhibition of tumor cell growth, regulation of apoptotic and 143 
survival/proliferation pathways, antidiabetic effects and cardiovascular benefits [1-3,10,13]. All these 144 
properties make cocoa polyphenolic fraction an interesting candidate for vascular chemo-protection 145 
and, in the present study, the effects of the complex mix of flavanols in CPE have been tested in 146 
endothelial cells and the results compared to those with an individual major flavanol EC. The results of 147 
the present study demonstrate for the first time that a polyphenolic extract from cocoa powder and its 148 
main monomeric flavanol, EC, have the capacity to protect human endothelial cells against an 149 
oxidative insult by modulating oxygen radical generation and enzyme and non-enzyme antioxidant 150 
defenses.  151 
CPE used in this study has been confirmed as a realistic representative of cocoa-derived products 152 
[10,14,15]. Some authors have reported concentrations up to 35 µM of EC in rat serum 1 h after oral 153 
administration of EC and 0.2-0.4 µM EC have been detected after consumption of 50 g of chocolate 154 
[10]; actual EC concentrations in tested doses of CPE ranged from 33 nM in the dose of 2.5 µg 155 
CPE/mL to 0.265 µM in that of 20 µg CPE/mL. Cultured EA.hy926 cells have been recently proved a 156 
reliable in vitro model of endothelial tissue [8,11,16] and their viability was not altered by treatment 157 
with concentrations up to 20 µg/mL CPE and 20 µM EC for 18 h. When cells were submitted to 100 158 
µM t-BOOH for 18 h or 200 µM t-BOOH for 4 h a dramatic increase in ROS production was observed, 159 
but this increase was partially or completely avoided by a co-treatment or pre-treatment with any of the 160 
CPE and EC (figure 1). Due to their phenolic structure, flavanols have a remarkable oxidant-161 
scavenging capacity related to the hydrogen donating ability and the stability of the phenoxyl radicals 162 


































































efficiently quenched in cells co-treated or pre-treated with CPE or EC resulting in a reduced cell 164 
oxidative damage. A similar attenuation of ROS has been reported for grape stilbene resveratrol in 165 
endothelial cells [17] and analogous cocoa phenolic extracts in hepatic [10] and pancreatic [13] cells. 166 
As the main non-enzymatic antioxidant defense within the cell, it is accepted that GSH depletion 167 
reflects a milieu of intracellular oxidation, whereas an increase in GSH concentration places the cell in 168 
a more favorable position against a potential oxidative insult [10-12,16]. When cells were submitted to 169 
t-BOOH a significant depletion of GSH levels was observed (figure 2C,D), and this alteration was 170 
successfully prevented by most of CPE and EC treatments (figure 2), only the highest CPE 171 
concentration did not recover the depleted GSH; a fact that has been explained by conjugation of 172 
monomeric flavanols to the free sulfhydryl group of reduced glutathione [10]. This protective effect on 173 
the cellular antioxidant stores, also observed in endothelial cells treated with plant extracts [11,16], is 174 
essential since maintaining GSH concentration above a critical threshold while facing a stressful 175 
situation represents an enormous advantage for cell survival.  176 
Activation of GPx and GR is an critical mechanism of the cell antioxidant defense to face oxidative 177 
insults by quenching ROS over-production; however, a rapid return of the antioxidant enzyme activities 178 
to basal values once the oxidative challenge has been overcome will reestablish favorable conditions 179 
for the cell to cope with a new oxidative insult [10,11,16]. Cells submitted to t-BOOH showed a 180 
substantial increase of GPx activity as antioxidant response to the oxidative insult, and a full recovery 181 
from this increased activity was achieved when cells were co-treated with 5-10 µg/mL of CPE or 5-10 182 
µM EC (figure 3C,D). In the pre-treatment assay, all tested doses of CPE and EC evoked a partial but 183 
significant recovery of the stress-enhanced GPx activity (figure 3E,F). A remarkable increase in the 184 
activity of GR was observed after treatment with t-BOOH (figure 4C-F), but its activity dose-185 
dependently decreased when cells were co-treated with 2.5-20 µg/mL of CPE (figure 4C) and a full 186 
recovery of the GR activity was observed with a co-treatment with EC (figure 4D). A pre-treatment of 187 


































































were similar to those of control cells. This phenomenon is consistent with previous results with EC and 189 
CPE in other cell types [10,13,15]. Hence, while cells submitted to oxidative stress are still fighting to 190 
overcome the insult, those treated with the antioxidants have more efficiently controlled the stressful 191 
situation and returned to a balanced redox status consequently reducing cell damage.   192 
MDA, a three-carbon compound formed by scission of peroxidized polyunsaturated fatty acids, mainly 193 
arachidonic acid, is the main product of lipid peroxidation [18] and has been found elevated in several 194 
diseases thought to be related to free radical injury; thus, it is widely used as an index of lipo-195 
peroxidation in biomedical sciences [18]. A four-fold increase in MDA concentration was found in 196 
endothelial cells after treatment with t-BOOH, but most tested doses of CPE and EC were able to 197 
significantly restrain the t-BOOH-induced raise of MDA both in co-treatment and pre-treatment assays 198 
(table 1). The significant protection by EC or CPE against an induced lipid peroxidation in endothelial 199 
cells is in agreement with previous studies that showed a comparable effect of other compounds [17].  200 
Table 1. Effect of co-treatment and pre-treatment of EA.hy926 cells with EC (2.5, 5, 10 and 20 µM) 201 
and CPE (2.5, 5, 10 and 20 µg/mL) on MDA concentration expressed as nmol/mg protein. Results are 202 
means ± SD (n=3, 4 replicates). Different letters in each column indicate statistically significant 203 
differences (p < 0.05) among data. 204 
 
nmol MDA/mg prot 
  Co-treatment Pre-treatment 
Control 1.06a ± 0.21 0.69b ± 0.09 
tBOOH 3.96e ± 0.31 3.38e ± 0.53 
2.5 µM EC 2.75c ± 0.19 0.12a ± 0.08  
5 µM EC 2.28b ± 0.19 0.45b ± 0.02 
10 µM EC 2.32b ± 0.41 0.67b ± 0.08  
20 µM EC 3.70d ± 0.21 1.74d ± 0.34 
2.5 µg/mL CPE 2.42b ±  0.20 1.10c ± 0.12 
5 µg/mL CPE 2.70c ± 0.47 1.83d ± 0.35 
10 µg/mL CPE 3.30c,d ± 0.11 1,.41d ± 0.05 




































































Carbonyl groups are considered as consistent biomarkers of oxidative damage to proteins, a crucial 207 
event in the development of cellular toxicity [18]. The significant increase in the cellular concentration 208 
of carbonyl groups during oxidative stress induced by t-BOOH in cultured endothelial cells confirmed 209 
extensive damage to cellular proteins. Nevertheless, the lowest CPE and EC doses tested in this study 210 
significantly abolished the protein damage induced by the stressor recovering carbonyl group 211 
concentration to values similar to those of control unstressed cells (supplementary data, figure 1). This 212 
protective effect against protein oxidation has been previously reported for CPE and EC in pancreatic 213 
beta cells [13] and colonic metabolites of flavonoids in endothelial cells [8]. 214 
Since both CPE and EC were involved in the regulation of the antioxidant defense mechanisms 215 
necessary to face the oxidative challenge, their protective effect should be physiologically exposed in 216 
terms of increased cell viability; thus, a potent oxidative challenge induced by t-BOOH severely 217 
compromised cell viability but co-treatment or pre-treatment of cells with CPE or EC showed a 218 
significant recovery of cell viability in almost all cases (figure 5). Consequently, realistic doses of both 219 
antioxidant compounds were capable of preserving cell life and function. Thus, the protective 220 
mechanism of CPE and EC on endothelial cells submitted to an oxidative stress could be explained in 221 
terms of regulation of the cellular redox status: a decrease of ROS production during stress reduces the 222 
need of peroxide detoxification through GPx as well as of GSH and, consequently, its recovery from 223 
oxidized glutathione through GR. Furthermore, decreased ROS level reduces oxidative damage to 224 
macromolecules, lipids and proteins, resulting in diminished cell injury and death. Interestingly, EC 225 
being the most abundant flavanol of cocoa suggests that a great percent of the protecting effect of CPE 226 
in endothelial cells may be due to EC, but the potential effect of other compounds besides EC should 227 
not be ruled out.  228 
Conclusions 229 
Our studies in cultured endothelial cells demonstrate, for the first time, that flavanol rich extract from 230 


































































through an efficient regulation of cell redox status; limiting ROS generation and strengthening 232 
antioxidant defense response. The present data propose a prominent role for cocoa and its flavanols in 233 
the protection afforded by fruits, vegetables and plant-derived beverages against pathologies such as 234 
CVD, for which excessive production of ROS has been implicated as a causal or contributory factor. 235 
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Figure captions 286 
Fig. 1- Effect of cocoa phenolic extract (CPE) and epicatechin (EC) on reactive oxygen species 287 
production by EA.hy926 cells. (A,B) direct effect of CPE and EC; (C,D) effect of co-treatment of 100 288 
µM t-BOOH plus noted CPE or EC concentrations for 18 h; (E,F) effect of pre-treatment of noted CPE 289 
or EC concentrations for 18 followed by 4 h with 200 µM t-BOOH. Results are means ± SD (n=3, 4 290 
replicates). Within each panel, different letters upon data bars indicate significant differences (p < 0.05) 291 
among data. 292 
Fig. 2 - Effect of cocoa phenolic extract (CPE) and epicatechin (EC) on glutathione concentration in 293 
EA.hy926 cells. (A,B) direct effect of CPE and EC; (C,D) effect of co-treatment of 100 µM t-BOOH 294 
plus noted CPE or EC concentrations for 18 h; (E,F) effect of pre-treatment of noted CPE or EC 295 
concentrations for 18 followed by 4 h with 200 µM t-BOOH. Results are means ± SD (n=3, 4 296 
replicates). Within each panel, different letters upon data bars indicate significant differences (p < 0.05) 297 
among data. 298 
Fig. 3 - Effect of cocoa phenolic extract (CPE) and epicatechin (EC) on glutathione peroxidase activity 299 
in EA.hy926 cells. (A,B) direct effect of CPE and EC; (C,D) effect of co-treatment of 100 µM t-BOOH 300 
plus noted CPE or EC concentrations for 18 h; (E,F) effect of pre-treatment of noted CPE or EC 301 
concentrations for 18 followed by 4 h with 200 µM t-BOOH. Results are means ± SD (n=3 replicates). 302 



































































Fig. 4 - Effect of cocoa phenolic extract (CPE) and epicatechin (EC) on glutathione reductase activity 305 
in EA.hy926 cells. (A,B) direct effect of CPE and EC; (C,D) effect of co-treatment of 100 µM t-BOOH 306 
plus noted CPE or EC concentrations for 18 h; (E,F) effect of pre-treatment of noted CPE or EC 307 
concentrations for 18 followed by 4 h with 200 µM t-BOOH. Results are means ± SD (n=3 replicates). 308 
Within each panel, different letters upon data bars indicate significant differences (p < 0.05) among 309 
data. 310 
Fig. 5 - Effect of cocoa phenolic extract (CPE) and epicatechin (EC) on EA.hy926 cell viability. (A,B) 311 
direct effect of CPE and EC; (C,D) effect of co-treatment of 100 µM t-BOOH plus noted CPE or EC 312 
concentrations for 18 h; (E,F) effect of pre-treatment of noted CPE or EC concentrations for 18 313 
followed by 4 h with 200 µM t-BOOH. Results are means ± SD (n=8 replicates). Within each panel, 314 
different letters upon data bars indicate significant differences (p < 0.05) among data. 315 
































































































































































































Fig. 4 378 
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